SOUND WAVES with frequencies greater than 20,000 cycles per second are above the limits of sound audible to the human ear and, therefore, are designated as ultrasound. Over the past several years ultrasonic irradiation has been widely employed as a form of treatment in physical medicine.' Concurrently, other uses of ultrasound have been developed that utilize the particular transmission characteristics of these mechanical waves. Although ultrasound differs from light in being propagated more easily through a liquid or solid than through a gas, its transmission in a suitable medium is similar to light in many respects. It may be directed in a relatively straight beam with considerably less tendency to scatter than that characteristic of lower frequency audible sound, but demonstrates reflection and refraction similar to light. A beam of impulses traversing an acoustically uniform medium will have a portion of its energy reflected if it strikes the boundary of a medium having different acoustical impedance. The acoustical impedance of any substance is determined by the product of its density and the velocity of sound in the substance, and the proportion of ultrasound that is reflected at any interface is directly related to the magnitude of the difference of the acoustic impedance of the two media. Since the angle of reflection is determined by the angle of incidence of the beam, maximum reFrom the Edward B. Robinette Foundation,
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Circulation, Volume XXVII, April 1963 turn of reflected waves to the point of origin will occur when the reflecting surface is oriented at a right angle to the longitudinal path of the ultrasonic waves.
Piezoelectric crystals of the type used to generate ultrasonic vibrations from electrical energy can conversely be activated by ultrasound and convert the mechanical waves into electrical impulses suitable for recording. If the velocity of sound in a medium is known, the position of a reflecting surface can be determined by recording the interval between the emission of an ultrasound pulse and the return of the echo to the source. If the ultrasound transducer is rotated, a field may be scanned in the plane of direction of the ultrasonic beam. This "echo-ranging" technic has been well established as the sonar method for the location of underwater objects and mapping of the ocean floor.
The application of the reflected ultrasound technic to medical diagnosis has been undertaken by many workers over the last several years. Ludwig and Struthers2 found that gallstones and other foreign bodies that had been buried within dog muscle could be located by ultrasound. Subsequently, the technic has been employed to study tumors of the breast,3 and to define soft-tissue structures of the extremities, neck, liver, spleen, and kidneys. 4 The normal brain reflects a distinctive midline echo. Displacement of this echo from the midline position has been used to diagnose space-occupying lesions within the skull. [5] [6] [7] The ultrasonic visualization of the lightopaque eye and other structures of the orbit has been undertaken. 8 Our investigation was therefore undertaken to develop suitable echo-ranging equipment in this country, and further to evaluate the validity of the method in cardiac diagnosis. The studies in human subjects were undertaken after the equipment was determined to have a negligible acoustic power output, and after preliminary examinations in dogs had demonstrated that satisfactory curves of motion could be obtained. reported in normal subjects by Edler ancd Effert, who suggested in their initial reports that this echo was reflected from the anterior wall of the left atrium.10-12 Subsequent to these reports, however, accumulated evidence indicates that the quickly moving echo is reflected from the anterior leaf of the mitral valve. Certainly the reflecting structure is located anterior to the eavity of the left atrium, since multiple-layered cehoes of large, laminated, left atrial thrombi have been found to fill the area just posterior to the moving curve. 16 Edler et al.17 passed a needle through the thorax of cadavers in the same plane and direction as that previously taken by the ultrasound beam. After coursing through the anterior wall of the right ventricle, right ventricular outflow tract, interventricular septum, and upper portion of the left ventricular cavity, the needle usually passed through the anterior leaflet of the mitral valve before entering the left atrium from which exit was Figure 3 Figure 4
Ultrasound pattern in a patient with incomplete Ultrasound pattern in a patient with mitral steatrioventricular heart block. Arrows beneath the nosis. The velocity posteriorly from the horizontal ultrasound curve denote 1 waves and their relalevel of peak 4 is 15 mm./sec.
tion to the P wave of the electrocardiogram.
made through the posterior atrial wall. In the same report, they described experiments performed on isolated, perfused cow hearts in which mitral valve motion was produced by cyclic variations in left ventricular and left atrial pressure. Echoes having a typical pattern of motion were obtained when ultrasound was beamed through these hearts. Needles passed through these hearts in the direction of the ultrasound beam pierced the anterior leaflet of the mitral valve in a path similar to that found in the cadaver studies. When the anterior mitral leaflet of the cow heart was immobilized by forceps during the pulsing experiment, the moving echo became stationary. The numerical designations indicated for the different portions of the ultrasound complex in figure 2 follow the system proposed by Effert and associates.'2' 18 Wave 1 follows closely after the P wave of the electrocardiogram and represents motion toward the anterior chest. Following the peak of wave 1, the reflecting surface begins to recede and moves rapidly to the most posterior point (2) just after the inscription of the QRS complex. There is a rather gradual slope anteriorly to form a short plateau (3), which is followed by very rapid motion forward to peak 4. This peak, in early ventricular diastole, represents the most anterior position reached during the cardiac cycle. The curve then recedes quickly, inscribing a sharp slope to the posterior position 5.
Wave 1 is not seen in the presence of atrial fibrillation but small "flutter waves" can be seen in the ultrasound pattern of some patients with atrial flutter. The relation of wave 1 to atrial activity can be seen in figure 3 , which was obtained from a patient with incomplete atrioventricular block.
The ultrasound pattern in mitral stenosis is different from the normal curve. The 90 persons with mitral stenosis whom we have studied have all shown the distinctive, abnormal pattern described by the European workers.10-14 The typical configuration is illustrated in figure 4 , which is a preoperative record from a 36-year-old woman with mitral stenosis. At the subsequent operation, the stenotic valve opening of this patient was found to be narrowed to an estimated " one-finger" orifice.
The distinguishing feature of the mitral stenosis pattern is the delay in posterior motion from peak 4 figure 2 . The speed of descent from the horizontal level of peak 4 is measured from the slope by reference to the time and depth scales. In this subject, the velocity is 140 mm./see. In contrast, the restricted motion mitral stenosis produces the gradual slope seen in figure 4 . The velocity is reduced to 15 mm./see. in this patient. The velocity measurements from the records of 25 normal subjects and 60 patients with mitral stenosis are charted in figure 5 . The 60 patients presented, from a total of 90 cases of mitral stenosis studied, are those in whom the size of the mitral valve was determined at operation or postmortem examination after the ultrasound record had been made. The 30 patients not plotted on the chart were either studied only following mitral valve Circulation, Volume XXVII, April 1968 Since most of the mitral stenosis patients represented in figure 5 had valvulotomy performed by a closed technic, the size of the valve orifice is presented as estimated by the palpating index finger.* The velocities measured ranged from 85 to 160 mm./sec. in normals and between 2 and 35 mm./see. in individuals with mitral stenosis. Therefore, no mitral stenosis patient showed a velocity faster than 35 mm./ see., and no normal record had a velocity slower than 85 mm./see.
Following successful mitral commissurotomy, a change in the ultrasound pattern is usually seen. Figure 6A is Records before and after operation of 35 patients having mitra,l commissurotomy. The pre-and postoperative calculated velocity for each individual is plotted against the estimate of the valve size before and after surgery.
ord from a patient with tight mitral stenosis. The velocity is 11 mm./see. At surgery, the orifice of the mitral valve, which would initially admit the tip of the index finger, was increased to a 21/2-finger opening. One week after operation ( fig. 6B ), the nearly flat plateau-like complex is changed to a faster curve with a steeper slope moving from peak 4 at a velocity of 45 mm./sec. Thirty-five of our patients with mitral stenosis were studied beforea and after valvulotomy. In figure 7 In 12 patients with "pure" mitral regurgitation, the curve had an essentially normal configuration. The velocity of motion during the diastolic descent was normal or even faster than our normal range. Figure 8 is a record from a patient with massive mitral regurgitation due to a dilated annulus. Wave 1 is not seen, since there is atrial fibrillation, but peak 4 is prominent. The descent from this peak is rapid with a measured velocity of 150 mm./ sec.
Ultrasound records have also been recorded from 135 patients presenting conditions other than mitral valve disease. Among these were patients with pericarditis, heart block, hypertension, symptomatic coronary artery disease, thyrotoxic heart disease, and various congenital cardiac lesions. None has presented the ultrasound pattern found in mitral stenosis.
Discussion
The ultrasound curve of heart motion can be obtained easily from most individuals, but we have failed to record a satisfactory pattern from about one of every 15 persons studied. 
